The knowledge of the charge carrier distribution among the different orbitals of Cu and O is a precondition for the understanding of the physical properties of various Cu-O frameworks. We employ electron energy-loss spectroscopy to elucidate the charge carrier plasmon dispersion in (La, Ca)xSr14−xCu24O41 in dependency of x as well as temperature. We observe that the energy of the plasmon increases upon increasing Ca content, which signals an internal charge redistribution between the two Cu-O subsystems. Moreover, contrary to an uncorrelated model we come to the conclusion that the holes transferred to the Cu2O3 ladders are mainly located on O orbitals in the rungs and to a much lesser extent in those in the legs. This is related to a different filling of the bonding and antibonding band leading to an orbital dependent Mott transition.
I. INTRODUCTION
Thirty-three years after the discovery of hightemperature superconductivity in cuprates, [1] there is still no generally accepted theory of the mechanism of this phenomenon. The reason for this is that we do not understand the normal state strongly correlated electronic structure of CuO 2 layers doped with holes. A starting model for the electronic structure of cuprates was the one-band Hubbard or t − J model [2] . In this model, a hole in the divalent Cu and a hole in the surrounding square of four O ions form a singlet that describes the electronic structure in a one-band Hamiltonian. In this way, internal degrees of freedom in the Cu-O square are not taken into account. This model replaced the much more complicated three-band models [3] of these charge transfer insulators [4] . There is an ongoing debate whether the t − J model describes the measured band dispersion and whether it is able to explain high-T c superconductivity [5] [6] [7] .
A way to test the general validity of the t − J model is to look at compounds which contain Cu-O structures that are similar to the two-dimensional CuO 2 layers in high-T c superconductors. In a recent study of T-CuO [8] , where the C 4 rotational symmetry is broken, the authors came to the conclusion that there occur strong deviations from the Zhang-Rice singlet picture.
Another possibility to study the validity of the Zhang-Rice singlet picture is to investigate the electronic structure of cuprates with a reduced dimension, e. g., the quasi-one-dimensional compound (La, Y, Sr, Ca) 14 Cu 24 O 41 [9] . These materials are composed of alternating stacks of edge-sharing CuO 2 chains * friedrich.roth@cfel.de † martin.knupfer@ifw-dresden.de and two-leg Cu 2 O 3 ladders. These are separated by strings of Sr, Ca, and La atoms. The subsystems are arranged in layers, and the layers are oriented in the crystallographic a, c plane, while they are stacked in an alternating manner along the perpendicular b axis [10, 11] . Electronically, Ca , indicating a competition between superconductivity and charge ordering in the ladder sub-system. As the substitution of Sr by Ca is isoelectronic, the electronic changes in the materials have been explained by the occurrence of chemical pressure and thereby induced (i) charge transfer from the chains to the ladders, and (ii) singlets on the rungs of the ladders [9] . The hole distribution in Ca x Sr 14−x Cu 24 O 41 as a function of x has been controversially discussed, the number of holes in the ladders scatters by almost 100% [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . The two-leg ladders are a representative example between one-dimensional electronic systems forming a Luttinger liquid and the two-dimensional Cu-O layers in high-T c superconductors. DFT calculations came to the conclusion that the low energy physics of the ladders can be described by two bands close to the Fermi level: a bonding and an anti-bonding band along the c direction [23, 24] . Part of these bands has been detected in ARPES studies [25] . For the interpretation of magnetic and interband charge excitations, it was necessary to take into account correlation effects which were treated in the arXiv:2001.01938v1 [cond-mat.supr-con] 7 Jan 2020 t − J approximation [26] . Certainly, it would be interesting to perform experiments on these systems to test whether one has to go beyond this approximation.
The influence of electronic correlations in this class of materials is profound. The interplay of spin and charge degrees of freedom in both subsystems exhibits a rich variety of exotic spin and charge arrangements. As a consequence, it makes both the chains as well as the ladders extremely sensitive to variations of external parameters, such as temperature, doping, and pressure. Therefore, the evolution of the electronic and magnetic structure upon Ca substitution is one of the key issues for the development of a microscopic understanding in such a complex system.
Electron energy-loss spectroscopy (EELS) is a useful tool for the investigation of materials at all levels of complexity in the electronic spectrum [27] . The EELS cross section is proportional to the loss function [−1/ (ω, q)], where (ω, q) = 1 (ω, q) + i 2 (ω, q) is the momentum and energy-dependent complex dielectric function. In this way, EELS probes the collective electronic excitations of a solid under investigation. Furthermore, it allows momentum dependent measurements of the loss function, i. e., the observation of non-vertical transitions within the band structure of a solid [28, 29] .
II. EXPERIMENTAL
Single crystals of R x Sr 14−x Cu 24 O 41 (with R = La and Ca) were grown by using the traveling solvent floating zone method [30] . For the EELS measurements, thin films (∼ 100 nm) were cut perpendicular to the crystal b-axis from these single crystals using an ultramicrotome equipped with a diamond knife. The films were then put onto standard transmission electron microscopy grids and transferred into the spectrometer. The measurements as a function of Ca substitution were carried out at room temperature with a dedicated transmission electron energy-loss spectrometer [28, 29] employing a primary electron energy of 172 keV. The energy and momentum resolution was set to be ∆E = 80 meV and ∆q = 0.035Å −1 , respectively. In addition, the spectrometer is equipped with a He-cryostat, which allows investigating the loss function down to a sample temperature of 20 K, which has been done for Ca 11.5 Sr 2.5 Cu 24 O 41 . Before measuring the loss-function, the thin films have been characterized by in-situ electron diffraction, in order to orient the crystallographic axis with respect to the transferred momentum [31] .
III. EXPERIMENTAL RESULTS
We start the presentation of our results with the evolution of the loss function as a function of doping, for a momentum transfer of 0.15Å −1 parallel to the c -axis, as shown in Fig. 1 (a) . In the energy range between 3 to 5 eV we see interband induced collective excitations which have been also detected in the edge-sharing CuO 2 chain compounds Li 2 CuO 2 or CuGeO 3 [27, 32, 33] . According to our previous analysis, these excitations are localized excitations in the CuO 4 placket. They are localized because the hopping between the plackets in these onedimensional edge-sharing Cu-O chains is small. Starting from the undoped compounds the energy of these excitations slightly increases with increasing doping concentration. These excitations are also detected for a momentum transfer parallel to the a-axis (see supplementary infor- mation and Ref. [31] ). This observation supports the interpretation in terms of localized excitations.
In the energy range 2 -3 eV there are dispersive excitations which according to our previous studies of the one dimensional corner sharing CuO 3 chain compounds Sr 2 CuO 3 and SrCuO 2 [27, 34] , were ascribed to more delocalized charge transfer excitations [35] [36] [37] , also detected in 2D cuprates. These excitations are more pronounced for q parallel to the a-axis compared to q parallel to the c-axis (see supplementary information and Fig. 2 ).
Finally, a plasmon excitation is observed for x ≥ 0 
FIG. 3.
Comparison of the plasmon dispersion in Ca11.5Sr2.5Cu24O41 (green stars), Ca11Sr3Cu24O41 (black circles), Ca8Sr6Cu24O41 (red squares) as well as in Ca5Sr9Cu24O41 (blue diamonds) along the c direction at 300 K.
while for the undoped compound the plasmon is absent. Fig. 1 (b) depicts the respective plasmon energy with increasing Ca concentration. The observed plasmon energy is in very good agreement with previous data from reflectivity and EELS measurements (cf. Ref. [14, 31, 38] ). Such a plasmon near 1 eV was also observed in the twodimensional doped cuprates [39] .
In Fig. 2 we present the loss function for momentum parallel to the a and c direction in Ca 11.5 Sr 2.5 Cu 24 O 41 at room temperature. Clearly, the plasmon moves to higher energies upon increasing the momentum transfer. The higher energy features, in contrast, are almost independent of momentum. A plasmon dispersion has also been observed for other investigated Ca x Sr 14−x Cu 24 O 41 (x = 5, 8, 11) compounds, and we summarize these results in Fig. 3 and in the supplementary information. For q parallel a the charge transfer excitation near 3 eV is visible for all Ca concentrations. Fig. 3 shows again the increasing plasmon energy at low momentum transfers with increasing Ca content in the ladder compounds (cf. Fig. 1 b) ). Furthermore, it demonstrates that for all compositions we observe a finite plasmon intensity, dispersing to higher energies for a momentum transfer parallel to the c-axis (notice that for x = 5, 8 and 11 the plasmon peak is only detectable up to a momentum transfer of about 0.35Å −1 , which is caused by the strong damping as well as the low cross-section for higher momentum transfers). Fig. 3 reveals another intriguing observation. The slope of the plasmon dispersion also depends on the Ca substitution level. With increasing Ca content the slope of the dispersion curves is reduced.
Finally, we consider the temperature dependence of the plasmon energy in the compound Ca 11.5 Sr 2.5 Cu 24 O 41 . In Fig. 4 we show the temperature dependence of the plasmon feature in the loss function at a small momentum transfer of 0.1Å −1 measured at various temperatures in the range between 20 K and 400 K. We have evaluated the plasmon position quantitatively, and we show the corresponding results in Fig. 5 . The plasmon clearly shifts to higher energies with increasing temperature. Moreover, the data indicate a somewhat stronger shift at lower temperatures (below about 150 K) as compared to the hightemperature region.
IV. CALCULATIONS
In the doped 2D cuprates, e. g., Bi 2 Sr 2 CaCu 2 O 8 , the measured plasmon dispersion can be well described by a momentum dependent loss function calculated from the dielectric function using a tight-binding band derived from DFT band structure calculations [40] . Even the anisotropy of the band could be confirmed by this combination of EELS derived plasmon dispersions and those calculations. The plasmon dispersion in various 1D less correlated materials could be described by analogous calculations [41] [42] [43] . Therefore we started our calculations of the plasmon dispersion in Ca x Sr 14−x Cu 24 O 41 with a tight-binding band structure for the ladders derived from the DFT approximation [23] . There are several experimental results that indicate that the edge-sharing chains have a gap larger than 2 eV and therefore do not contribute to the plasmon excitations in the energy range between 0.5 to 1.5 eV. In Fig. 6 we present the band structure for the Cu 2 O 3 ladders calculated with tight-banding parameters close to those of the DFT calculations [23] . For the calculation of the complex dielectric function we used the Ehrenreich-Cohen expression [44] :
Here ∆E = E k+q − E k and ∆F = F k+q − F k where F is the Fermi function. Using the complex dielectric function we then calculate the loss function [−1/ (ω, q)]. Calculating the maximum of the loss function for a particular momentum q as a function of energy yields the plasmon dispersion as a function of the momentum q. The effective mass for the band renormalization was adjusted to the experiment in such a way that the plasmon energy at the highest q values corresponds to the experimental data. The reason for this is that the plasmon energy at high q is essentially determined by the total bandwidth. Mass enhancements between 1.1 and 1.3 have been used for the calculations. On the other hand, the background dielectric function was adjusted in order to fit the plasmon energy at low momentum transfer, and it was kept constant thereafter.
In Fig. 7 we present the calculated loss function for the sum of intra-band transitions in the bonding and anti-bonding band. Inter-band transitions are not allowed due to symmetry reasons. There are two maxima in the loss functions corresponding to plasmons related to intra-band transitions in the bonding and the antibonding band. At low momentum transfer, the plasmon of the bonding band is strongly overdamped due to the large real part of the dielectric function from the antibonding band in that energy range. At higher momentum transfer both plasmons are clearly visible. The fact that two plasmons are observed in the calculations but only one is detected in the EELS spectrum as well as almost no shifts are observed in the calculated spectrum while large shifts are observed upon doping at small momentum transfer indicates that the starting point in the calculation is wrong.
Much better agreement between experiment and cal- culations can be achieved when we assume that only the bonding band contributes to the measured spectral weight of the loss function. The results for this model are shown in Fig. 8 . Now we observe a larger shift of the plasmon energy at small momentum transfer q=0.1Å −1 upon replacement of Sr by Ca in agreement with the experimental results. At high momentum transfer, the shift is strongly reduced.
In Fig. 9 we present the plasmon dispersion evaluated from the maximum of the plasmon. Again these results show a large shift of the plasmon energy upon Ca doping at low momentum transfer while at higher q the shift is reduced. The explanation of this result is that at low q the plasmon is determined by the Fermi velocity [39] which changes considerably upon doping. At higher q the plasmon energy is more determined by the bandwidth which does not change upon doping.
V. DISCUSSION
Firstly we discuss the higher energy excitations. Looking at the peaks near 5 eV, they show almost no dispersion for q||a and c (see supplementary information), typical of a localized excitation in edge-shared CuO 2 chains, existing in Li 2 CuO 2 or CuGeO 3 [27, 32, 33] . Also the peak near 3 eV shows almost no dispersion in agreement with previous EELS studies on edge-shared CuO 2 chains. Compared to the undoped corner-sharing quasi one-dimensional Sr 2 CuO 3 [34] and the double chain SrCuO 2 [27] , the charge transfer peak at 2 -3 eV is shifted into the energy range 3-4 eV. This peak is also visible at 2.7 eV in the undoped 2D cuprates, e. g., in Sr 2 CuO 2 Cl 2 [27, 45] . The results of resonant inelastic x-ray scattering (RIXS) of Ca x Sr 14−x Cu 24 O 41 (Ref. [35] [36] [37] ) are in good agreement with our assignment of the spectral structures in the energy range between 2 -5 eV.
Next, we discuss the plasmon excitation which is the central point of the present study. Previous studies of Ca x Sr 14−x Cu 24 O 41 clearly indicated that upon Ca doping there is a transfer of holes from the chain to the ladders [14, [16] [17] [18] [19] [20] [21] [22] . This indicates that the plasmon is due to excitations in the ladders. The chains do not contribute to the plasmon excitation because the holes are still localized although the doping concentration is rather high. In the unsubstituted compound, the valency of Cu is near +2.6. The reason that the chains remain gaped and do not contribute to the plasmon excitation is that the hoping integral is probably much smaller than the onsite Coulomb interaction U . This view is in line with the weak reduction of the spectral weight in the upper Hubbard band upon doping [39] . Thus the plasmon excitation exclusively occurs in the ladders. Most of the previous studies indicate that the number of holes on the ladders of Sr 14 Cu 24 O 41 is small and of the order of 1 per formula unit, corresponding to a Cu valency of +2.05. The increase of the plasmon energy with increasing Ca substitution [see Fig.1 (b) ] has also been discussed in a previous optical study [14] .
Our data clearly signal that there is a visible temperature dependence of the hole number in the ladders in Ca 11.5 Sr 2.5 Cu 24 O 41 (see Figs. 4 and 5) . Evidence for such a hole reduction upon cooling had been reported previously from structural investigations and the related analysis of the bond-valence sum [17, 19] . The observed changes in bond lengths and angles together with the bond-valence sums have been interpreted in terms of a slight hole back-flow to the chains at low temperatures. This scenario is supported by the present EELS data. The small temperature-dependent change of the slope of the plasmon energy below 200 K (see Fig. 5 ) may be related to the proximity to a transition into charge density wave (CDW) state in which for smaller x the holes are ordered below T c = 250 K [46] [47] [48] . Possibly the localization of the holes in the CDW state may cause a reduction of the plasmon energy. We emphasize that the opening of a small CDW gap of the order of 0.1 eV would only slightly increase the plasmon energy. On the other hand, a mass enhancement in the CDW state would decrease the plasmon energy and could thus explain the shift to lower energies at lower temperatures.
As described in Section IV the calculation of the loss function for a sum of uncorrelated bonding and antibonding band predicts that in this case the loss function is dominated by the plasmon of the anti-bonding band, because that of the bonding band is strongly damped. The energy of an intra-band plasmon at low momentum transfer is directly related to the Fermi velocity [40] . This Fermi velocity does almost not change for the antibonding band upon doping (see Fig. 6 ). Therefore, the difference in the energy between low and high Ca concentration would be expected to be small. Shifts of the plasmon related to the bonding band can hardly be detected because of the low intensity of that plasmon.
On the other hand, the calculation using the bonding band only leads to results that are close to the presented EELS data (see Figs. 3 and 9 ). In this case, the Fermi velocity strongly changes with increasing Ca concentration. For small doping, it is low because the Fermi level is close to the top of the bonding band. At higher hole doping the Fermi level moves to higher binding energies (see Fig. 6 ) and therefore the Fermi energy increases leading to a higher plasmon energy which is in agreement with the experimental EELS data. At higher momentum, the plasmon energy is determined by the full width of the conduction band which only slightly changes upon doping. This is again in agreement with the experiment. From these results we conclude that the nearly half-filled anti-bonding band remains gapped due to correlation effects and that the holes which are transferred from the chains to the ladders upon Ca substitution move into the bonding band. The correlation effects have a weaker impact on the bonding band because it is only weakly doped. The conclusion that only the bonding band contributes to the plasmon excitation is also supported by the result, that at higher momentum only one plasmon is observed while in the case when both bands are active, the calculation predicts two plasmons (see Fig. 7 ). Finally, the result that a model which does not take into account correlation effects cannot describe the measured loss function is fostered by the consideration that in the uncorrelated case at a small hole concentration (x = 0) the half-filled anti-bonding band should be related to a strong plasmon excitation. In the experiment, however, for x = 0 the plasmon is hardly detectable [see Fig. 1 (a) ].
The bonding band, having most of the charge density between the legs of the ladder, has probably mainly 2p character from the O ions on the rungs. On the other hand, the anti-bonding band has probably mainly O 2p character on the fringes of the ladders on O 2p orbitals which could be parallel a or c. Our observation of holes on the O sites in the rungs supports the conception that hole doping of the symmetric bonding band leads to an antisymmetric spin-singlet of the rungs. This means that the low energy charge density wave and superconductivity is based on singlets on the rungs. Our interpretation of the difference between bonding and anti-bonding band is supported by the observation that even for high Ca concentrations, the charge transfer excitation is detected for q||a (see Fig. 2 ). This could be related to our postulation that the anti-bonding band is gapped by correlation effects and that the wave function of this anti-bonding band is dominated by O 2p orbitals at the fringes of the ladders, i. e., by O ions on the legs with 2p orbitals parallel to the a axis. [25] , spectral weight has been detected close to the Fermi level only for the bonding band while for the anti-bonding band no spectral weight was detected below a binding energy relative to the Fermi level of about 0.4 eV. Finally, the effective mass for the bonding band determined in ARPES experiments [25] is close to one, while for the cuprates effective masses slightly above two have been derived from ARPES experiments for under and optimally doped cuprate superconductors [49, 50] . This supports our result that the mobile charge carriers in the bonding band of the doped ladders are much less correlated than in the doped 2D cuprates.
The cuprate ladder compounds are in some way the intermediate systems between the doped 1D systems forming a Luttinger liquid with spinon and holons and the two-dimensional cuprates, which in the overdoped case form a Fermi liquid. The t − J model [2] is believed to represent the gross features of the electronic structure of the two-dimensional cuprates. In this model, the charge carriers can be described by singlet particles formed by a Cu 3d hole on the divalent Cu site and a O 2p hole on the surrounding O square. In theoretical studies, it also was tried to describe the charge carriers in a two-leg lad-der by a t − J model [26, 51] . The charge excitations in the Cu-O ladders cannot be described by a one-particle Hamiltonian based on Zhang-Rice singlets. Rather the results point to an orbital dependent Mott transition for the two-leg layer, leading to the formation of mobile singlet holes on the rungs, related to the bonding band and an in the anti-bonding band a Mott-Hubbard state, or more precise a charge transfer insulator. Our results thus may question also the application of the Zhang-Rice singlet model for the precise description of the electronic structure of the two-dimensional cuprate high-T c superconductors.
VI. SUMMARY
We have investigated the charge carrier plasmon in the spin-ladder compound Ca x Sr 14−x Cu 24 O 41 as a function of Ca substitution and temperature using electron energy-loss spectroscopy. The energy of the plasmon increases upon increasing Ca content, which signals an increasing number of holes in the Cu 2 O 3 ladders due to an internal charge redistribution between chains and ladders. A comparison of the experimental plasmon excitations with RPA-like calculations for the bonding and anti-bonding band indicates that the holes, which are transferred from the chain and the ladder upon replacement of Sr by Ca, are mainly located in the rungs. The reason for this is the different filling of the bonding and antibonding band leading to a Mott Hubbard splitting for the half-filled anti-bonding band and rather mobile charge carriers in the bonding band having predominantly O 2p character with orbitals along the rungs. Thus the charge carriers cannot be described by Zhang-Rice singlets very often employed for the 2D cuprates. Rather in the ladder system which is between the 1D and the 2D cuprates, the charge carriers are singlets on the rungs fundamentally different from those of the 1D and 2D cuprates. Our results may question the general application of the t − J model to cuprate high-T c superconductors.
